Sustainable development using wastes as resources is a new paradigm. Chicken manure contains rich amounts of nitrogen and phosphorus and has been used as crop fertilizer. However, little is known about whether nutrients of chicken manure are suitable and efficient to support the rapid growth of microalgae. In this study, we explore the possibility of using nutrient extracted from chicken manure to grow microalgae. We used an algal strain Scenedesmus sp. HTB1, which is an oleaginous species with high CO 2 tolerance capability. The growth performance of HTB1 on various media amended with nutrient extracted from three different chicken manure sources was monitored and compared to the growth rate of HTB1 grown in the standard medium BG11. Meanwhile, the changes of total nitrogen (N) and phosphorus (P), both organic and inorganic, were measured during the growth period. Culture media enriched with the nutrient extracted from two chicken manure sources outperformed the standard culture medium BG11 in terms of algal biomass production. When cultivated with manure nutrient, HTB1 utilized inorganic N efficiently, but consumed very little organic N during the experimental growth period. However, HTB1 was able to utilize both organic and inorganic phosphorus. We demonstrate that nutrient extracted from chicken manure support rapid growth and high biomass yield in microalgae Scenedesmus obliquus HTB1. Therefore chicken manure holds great promise to be used as a cost-effective and efficient fertilizer for large-scale production of microalgae.
Introduction
Microalgae can be used for bioenergy, human nutrition, livestock feed, cosmetics, pharmaceuticals and production of chemicals [1] [2] [3] [4] . They consume carbon dioxide in the atmosphere through photosynthesis, reducing the negative environmental impact caused by excess carbon dioxide [5] [6] [7] .
The advantages of using algae over land plants in biodiesel production include higher productivities and no requirement of agricultural land for biomass productions. Certain algal species grow quickly and are able to accumulate large quantities of triglycerides (TAGs), and these algal strains have the potential to be used for producing algal-based biodiesel [8] [9] [10] .
In order to produce a large quantity of microalgae for biofuel production, a significant amount of commercial fertilizers (consisting of mainly nitrogen and phosphorus) are required. Expenditure on fertilizers for growing algae in large systems is one of the major factors that contribute to the current high cost of algal-based biofuels [11] . Moreover, the production of commercial fertilizers generates a significant amount of CO 2 pollution contributing in global warming [12] .
Clearly, massive production of microalgae can benefit greatly from a more economical and sustainable nutrient resource. Chicken manure can be a waste product but a resource, if used wisely. It is rich in ammonia, phosphate, and potassium, and also contains substantial amounts of trace elements such as Fe, Mg, Mn, S, and Zn, which are all essential for growing algae [13] [14] [15] .
Rapid growth of the poultry industry has raised concerns about the disposal of poultry wastes. It has been reported that the US produces more than 10 million tons of poultry litter per year [16] . The runoff coming from these chicken farms is detrimental to the environment and causes eutrophication, resulting in algal blooms and hypoxic conditions in aquatic ecosystems. These underlying signs further support the notion that chicken manure can be utilized as an economical substitute for commercial fertilizer. Additionally, the removal of excess chicken manure would neutralize hypoxic conditions that are harmful to many economically important species in the water bodies [17] .
Municipal, agro-industrial, and industrial wastewater also contain significant quantities of nitrogen and phosphorus. In fact, the algal strain S. obliquus was found to be able to thrive in industrial waste, growing at a comparable rate to growth in a standard growth medium [18] . Poultry manure digestate supports strong growth of the microalga Chlorella vulgaris and also enhances the lipid content in C. vulgaris [19] . Dry chicken manure supplemented with urea has been used to grow the 'blue green algae', cyanobacteria Spirulina platensis [20] . S. obliquus, a freshwater microalga, is a candidate strain suitable for biofuel development [21] and can grow in various wastewaters [22] [23] . Recently, a new strain of S. obliquus HTB1 (original strain E2A), isolated from the Chesapeake Bay tributary, is able to grow under high CO 2 concentration [24] . Among the many uses, mitigation of greenhouse gases using microalgae is exciting and promising. Therefore large-scale cultivation of algae will undoubtedly increase demand for fertilizers.
In this study, we tested the growth performance of HTB1 in different chicken manure media and monitored the uptake of nutrients during the growth period.
We found that algal strain HTB1 grows rapidly in chicken manure media. Surprisingly, two types of chicken manure media resulted in higher algal biomass than the standard medium BG11.
Materials and Methods

Microalgae and Culture Media
S. obliquus HTB1 is an algal strain isolated from the upper Chesapeake Bay (Back River), and maintained in our laboratory in Institute of Marine and Environmental Technology (IMET), at the University of Maryland Center for Environmental Science. Strain HTB1 is a fast growing alga that can thrive in high levels of CO 2 [24] . HTB1 is able to grow in large photobioreactors charged with flue gas from a power plant. Therefore, HTB1 was used as a candidate strain in this experiment. To evaluate the growth of HTB1 in the culture media amended with various manure nutrients, four kinds of culture media were prepared: 1) BG11, a standard culture medium for freshwater microalgae (to serve as a reference); 2) CM, a culture medium amended with nutrient extracted from manu- 
Culturing Conditions
HTB1 cultures (600 ml) were grown in 1 L Erlenmeyer flasks aerated with 5% CO 2 for 8 hrs during the day, and bubbled with air for the remaining 16 hrs. After day 4, all the flasks were aerated with 5% CO 2 continuously. Light intensity was adjusted based on the culture density: 180, 360, 540 and 720 µE·m 
Dry Weight
Dry weight was obtained at 48, 96 and 168 hours of growth. A 50 ml subsample was taken from each culture and centrifuged at 6,000 rpm for 10 min. The supernatant was used for nutrient analysis and the pellets were freeze-dried with a Labconco Freezone 2.5 lyophilizer overnight. Dry pellets were weighed to estimate the dry weight of algae. 
Nutrient Measurement
Results
Growth Performance of HTB1 in Culture Media with Different Manure Nutrient Sources
In one week (168 h), HTB1 grown in the CM manure medium yielded the high- 
Variation of Nitrogen and Phosphorus in the Culture Media
To better understand the nutrient variation during the growth period, total nitrogen (N) and phosphorus (P) and dissolved inorganic and organic N and P were monitored. Ammonium ( , respectively). It is reasonable to believe that BG11 contains more available N and P nutrients than the manure media at the beginning of the experiment. It can therefore sustain algal growth for a longer time compared to the manure media. We had to stop the experiment at day 7 as algal growth was thick, sticky and started pasting on the vessel walls.
The ratio of total nitrogen to total phosphorus varied during the growth period ( Figure 5 ). High N/P ratios were observed at day 7 in all three types of manure, and such a trend was caused by the utilization of DIN, DIP and DOP, and the persistence of DON in the manure media.
Discussion
Increased energy crises, global warming and climate changes make microalgae a promising renewable and alternative energy feedstock. But high cost associated with algal production is the main hindrance in scale up of this process. Thus cheap sources of nutrients are essential to make it economically viable.
Our results clearly demonstrate that HTB1 can efficiently utilize the available nitrogen and phosphorus in the manure nutrient to support a high growth rate and biomass production. HTB1 reached 9 -10 g·L −1 dry weight biomass in the two manure nutrients (CM and RB) in one week. We believe that several factors contribute to such a high biomass production: 1) HTB1 is a fast growing algal strain which also thrives under high CO 2 concentration [24] ; 2) Bubbling with 5% CO 2 kept the pH between 6.8 and 7. in a short period. The final dry biomass in BG11 was also lower than the biomass in CM and RB. The initial differences in OD value were very likely due to the color of the manure, as proved by a separate experiment which combined similarly filtered manure with algae and found that the OD value immediately raised 0.1 -0.2 greater than the same amount of algae in BG11 (data not shown).
However, the high biomass of algae in CM and RB is the best indicator that algae did grow better in the two manure media than BG11. HTB1 grew poorly in manure medium RA. RA contains much higher total phosphorus, which may skew the optimal N to P ratio.
In a recent study effluent from chicken manure biogas plant was used as a sole nutrient source to cultivate Scenedesmus sp. AARL G022 for the production of lipids. It was observed that this algal strain demonstrated highest growth and lipid production when 25% of non-filtered effluent was used from the chicken manure biogas plant [25] . In a similar study raw poultry litter was used as a nutrient source for the cultivation of microalgae C. vulgaris [26] . They found that C. vulgaris grew well in the poultry litter based medium and biomass production was higher than in the control medium (BG-11). They also observed that the biomass composition of this algal sp. in poultry litter medium had higher carbohydrate and lipid content than in the control medium (BG11).
Chicken litter is a rich source of nitrogen and phosphorus. In the three tested Despite the pros mentioned above, the cons exist when applying chicken manure as an alternative fertilizer. The current price of poultry litter ranges from $10 to $55 per ton [16] . The transportation cost varies with the distance between poultry farm and destination. For growing algae, extraction of nutrient from poultry litter in the liquid form demands extra labor. Natural decomposition of manure can also result in the release of greenhouse gases and odors, which can make usage of manure, especially in highly populated areas, a less publicly favorable option [12] . It is beyond the scope for this study to address these issues;
however, these complications need to be addressed further before use of manure on a large scale can reach its full potential for cost, environment-friendly, and practical efficiency.
Nevertheless photosynthetic microalgae uses CO 2 from the flue gases and used for the production of biofuels. This results in reduced emission of GHG and also a renewable energy alternative, replacing the traditional fossil fuels [5] . And we demonstrated that chicken manure nutrients support vigorous algal growth thus reduce the cost associated with culturing microalgae on large scale.
Conclusion
This study for the first time demonstrates that nutrients extracted from chicken manure contain sufficient nitrogen and phosphorus to support fast growth and high biomass production for microalga HTB1. Algal strain HTB1 is able to take up ammonium, phosphate and dissolved organic phosphorus rapidly, but does not seem to incorporate dissolved organic nitrogen. This study is focused on S. obliquus HTB1 because HTB1 is a well-sorted strain that has been used to sequester CO 2 in large photobioreactors. In future, additional algal strains can be tested to gain a better understanding of utilization of manure nutrient by diverse algal species. Nutrient extraction from chicken manure and growing microalgae to mitigate greenhouse gases is a promising technology to protect ecosystem and climate change.
